The electrical current density generated by the propagation of a seismic wave at the interface characterized by a drop in electrical, hydraulic or mechanical properties produces an electrical field of electrokinetic nature. This field can be measured remotely with a signal-to-noise ratio depending on the background noise and signal attenuation. The seismoelectric beamforming approach is an emerging imaging technique based on scanning a porous material using appropriately delayed seismic sources. The idea is to focus the hydromechanical energy on a regular spatial grid and measure the converted electric field remotely at each focus time. This method can be used to image heterogeneities with a high definition and to provide structural information to classical geophysical methods. A numerical experiment is performed to investigate the resolution of the seismoelectric beamforming approach with respect to the main wavelength of the seismic waves. The 2-D model consists of a fictitious water-filled bucket in which a cylindrical sandstone core sample is set up vertically. The hydrophones/seismic sources are located on a 50-cm diameter circle in the bucket and the seismic energy is focused on the grid points in order to scan the medium and determine the geometry of the porous plug using the output electric potential image. We observe that the resolution of the method is given by a density of eight scanning points per wavelength. Additional numerical tests were also performed to see the impact of a wrong velocity model upon the seismoelectric map displaying the heterogeneities of the material.
I N T RO D U C T I O N
Electrokinetic phenomena are related to pore fluid motion relative to the skeleton of a porous material due to either electromagnetic or mechanical (seismic) disturbances (Hunter 1981; Pengra et al. 1999) . In solvent-saturated porous materials (water-saturated, partially water-saturated or saturated by some oils behaving as solvents, see , the seismoelectric (seismic-to-electric) coupling is associated with the partial conversion of mechanical energy of seismic waves into electromagnetic energy due to the presence of electric, hydraulic and/or mechanical discontinuities within the porous material (Pride & Haartsen 1996) . In geophysics, the seismoelectric method consists of sending a seismic wave into the subsurface and recording the generated electromagnetic signals. Such signals include the interface response (also called seismoelectric conversion), that bear important information about the physical properties (porosity, permeability, and electrical conductivity) of the media (e.g. Pride & Haartsen 1996) . In addition, as the seismic wave propagates through the porous material, an electric signal, called the coseismic effect, can be recorded by a network of electrodes when the seismic wave travels in between the electrodes (Frenkel 1944 ).
This coseismic electric field is confined to the seismic wave, itself traveling with the seismic waves (e.g. Pride & Haartsen 1996) . Since the first field observations made by Ivanov (1939) , the seismoelectric method has been used to investigate a growing number of problems in exploration geophysics and near-surface geophysics including the exploration of glaciers (Kulessa et al. 2006) , the water content in the vadose zone (Dupuis et al. 2007) , sulphide deposits (Kepic et al. 1995) , the monitoring of fracturing (Haas et al. 2013) just to cite a few.
In the 1990s, Pride & Haartsen (Pride 1994; Pride & Haartsen 1996; Haartsen & Pride 1997 ) developed a seismoelectric theory for water-saturated materials by coupling Biot's theory (Biot 1962a,b) and Maxwell's equations (Maxwell 1865 ) through a source current density of electrokinetic nature. Pride's theoretical modelling is based on three assumptions, (1) solving solid and fluid displacement vectors using Biot's theory, (2) solving the electromagnetic problem in the diffusive limit of Maxwell's equations and (3) using an electrokinetic theory based on the use of the zeta potential, a local electrostatic potential defined inside the electrical double layer coating the surface of the solid phase (e.g. Gouy 1910; Chapman 1913; Hunter 1981; . For a typical 3-D model, the .5-cm-core submerged in a water medium surrounded by a plastic boundary. The triangle represents the location of electrode E1 while the reference electrode E2 is placed at infinity and the dark blue dots correspond to source-receiver hydrophones location (see Table 1 for the values of the material's properties).
number of unknowns in the partial differential equations governing the propagation of the seismic waves in a Biot-type medium is six: three components of the solid phase displacement vector and three for the fluid phase displacement vector. Once the seismic field has been computed, the electromagnetic fields are evaluated using the diffusive limit of the Maxwell equations accounting for inductive coupling between the electrical and magnetic fields. Several works have focused on producing some analytically based full-waveform modelling of the seimoelectric signals using Pride theory in layered materials considering fully coupled Maxwell's equations Grobbe & Slob 2013; Smeulders et al. 2014) .
Alternative formulations of the seismoelectric theory have also been developed by Revil, Jardani and co-workers (e.g. Jardani et al. 2010; Araji et al. 2012; Sava & Revil 2012; . These new models include a more complete understanding of the effect of the electrical double layer. For instance Pride (1994) ignored the effect of the Stern layer (the inner portion of the electrical double layer) and ignored induced polarization effects as discussed in the introduction of his paper. Therefore the frequency dependence of its electrical conductivity expression cannot be compared to any experimental data since the most important part of the physics is not in his model. We know however that the frequency dependence of electrical conductivity, and the relationship between the quadrature and surface conductivity can only understood in the context of a more elaborate theory as recently discussed in detail by Revil (2013a,b) and Revil et al. (2014b) .
Other differences appear between the theory developed by Revil, Jardani and co-workers and Pride theory, at least in the way this last model is usually implemented. Jardani et al. (2010) , showed that we can solve for the displacement vector and fluid pressure using the Biot theory and then solving for the steaming potential in the quasi-static limit of Maxwell equations (Revil & Linde 2006) . This approach is much more efficient than solving for the displacement vectors of the solid and fluid phases and then solving the electromagnetic diffusion equations in which induction is accounted for. Indeed, the number of unknowns for a 3-D seismic problem decreased to four (three for the displacement vector of the solid phase and one for pore fluid pressure).
Finally, Revil, Jardani and co-workers based their model on the use of a volumetric excess charge density of the pore space to model the electrokinetic effects rather than using the zeta potential as done in Pride's theory (e.g. . This formulation allows to use an additional relationship between the effective charge density dragged by the flow of the pore water and permeability (Jardani et al. 2007) . Since Biot theory is not able to capture various attenuation mechanisms existing in porous materials (such as squirtflow mechanisms), simplification of the constitutive theory might be possible such as the poroacoustic approach discussed by Sava & Revil (2012) , Revil et al. (2014a) , and Sava et al. (2014) . This approach puts more attention on the kinetics of the phenomenon rather than on the magnitude of the converted seismoelectric field. The new approaches developed by Revil, Jardani and co-workers can be applied to partially saturated porous media and multiphase flow while this is not the case of Pride's theory (Revil et al. , 2014a despite some recent attempt to empirically extend Pride's theory to unsaturated conditions (Warden et al. 2013 and see associated discussion in Revil et al. 2014a) .
As mentioned briefly above, field and laboratory experiments have shown that the interface response generated from one seismic source has generally much lower amplitude with respect to the coseismic signal and can be measured remotely with a signal-to-noise ratio depending on the background noise level and signal attenuation. There are few exceptions in field conditions when the ground close to the recording electrodes is quite dry and the coseismic effects pretty small. In addition, the conversion strength ranges from microvolts up to few millivolts (e.g. Butler et al. 1996; Haartsen & Pride 1997; Garambois & Dietrich 2002; Dupuis et al. 2007; Haines 2004; Zhu et al. 2008) . The code developed by Grobbe et al. (2012) can also be used to generate all required fields for the theoretical interferometric seismoelectric Green's function retrieval. This can theoretically allow for instance to improve the signal-to-noise ratio of the weak seismoelectric conversions (or interface response fields). By applying interferometric techniques (e.g. de Ridder et al. 2009; Schoemaker et al. 2012) , stacking inherently takes place with possible signal-to-noise ratio improvements. In order to enhance the seismoelectric conversions with respect to the coseismic fields, Sava & Revil (2012) proposed to use multiple delayed in time seismic sources in order to focus the seismic wavefields at a given location, which will generate a higher pressure at the focus point due to the constructive interference of the wavefields compared to a single seismic source. If the focus point coincides with a mechanical, electrical and/or hydraulic discontinuity, a stronger interface response (electric field) is generated and recorded remotely. However, if the focus point belongs to a homogeneous medium, no electric response is expected at focus time. In addition, using multiple seismic sources, seismoelectric conversions will occur everywhere in the media where there is a discontinuity, but the highest intensity will be related to locations characterized by the largest gradient of material properties, especially electrical conductivity and permeability, which may vary over several orders of magnitude from one material to the other (Sava & Revil 2012) . Using delayed in time seismic sources to focus the seismic energy at a set of specific locations, for instance on a regular grid, an electric potential map can be generated and used as an input for imageguided inversion in resistivity tomography (Sava et al. 2014) .
There are however several aspects of the approach developed by Sava & Revil (2012) that were untested including the resolution of the method and the effect of an incorrect velocity model. In this paper, we numerically simulate a fictitious laboratory experiment composed of a fully water-saturated porous core submerged vertically in a circular water filled tank using the seismoelectric beamforming imaging technique. We analyse the efficiency of this method to image heterogeneous materials, examine the effect on incorrect velocity models on the output electric potential map and investigate the structural resolution of the seismoelectric image with respect to changing the wavelength of the seismic source.
B A C KG RO U N D T H E O RY

Electrical double layer
During the propagation of seismic waves, the pore water moves with respect to the solid grains. The drag of the excess of charge of the electrical diffuse layer coating the surface of the grains (Gouy 1910; Chapman 1913 ) generates an electrical current of electrokinetic nature called the streaming current J s (Pride 1994 ) Then, this current generates electromagnetic disturbances, which can be modelled thanks to the Maxwell equations, or, quite precisely, within their low-frequency approximation neglecting dielectric polarization and induction effects as discussed for instance in Jardani et al. (2010) . These electromagnetic disturbances have dual character: local ones associated with the seismic waves themselves and interface conversions especially in presence of contrasts in electrical conductivity and permeability.
Dynamic poroacoustic wave modelling
The seismoelectric beamforming technique can be simulated using P waves, S waves or both in an elastic porous medium. However, for simplicity and reduction of the overall computational time, the seismoelectric problem is adapted and defined below within the acoustic approximation where the seismic wave is described in terms of either pressure perturbations or fluid displacement (Sava & Revil 2012; . The confining pressure, P (considered positive in compression) corresponds to the trace, sum of the main diagonal elements, of the macroscopic stress tensor,T, using the following relationship:
where 'trace' defines the trace operator of the matrix representation of the tensor. Moreover, the confining pressure P can be determined at any given time and location using the acoustic wave equation defined as:
where K u denotes the undrained bulk modulus of the porous material (Pa), ρ is its mass density (kg m of the source in space (m), t represents time (s) and S(x,t) is the acoustic source (Pa s −2 ) that can be represented as a seismic point source using the following relation:
where δ (x − x 0 ) is a delta function, x 0 = (x s , y s ) the point source location and s (t) is the time function of the source (Pa m 3 s −2 ). In the following, we will use a Ricker wavelength for the source.
Electrokinetic theory
In the electrokinetic theory, coupling terms between mechanical equations and Maxwell's equations relate the electric fields to the seismic perturbations. These coupling coefficients are related either to seismoelectric, where the seismic wave propagation generates electromagnetic disturbance, or electroseismic, where an oscillatory electric field applied to a porous medium creates fluid flow (mechanical disturbance). In this section, we discuss how to couple the output pressure field from the wave equation with Darcy's law and Ohm's law to obtain the electric field in time and space.
Generalized Darcy's law
The pressure fluctuation due to the propagation of compressional seismic waves causes pore fluid pressure in the porous material to change which in turn leads to pore fluid flow. Darcy's law governs this relation by the following expression (neglecting high frequency inertial effects):
whereẇ denotes Darcy's velocity (m s −1 ) (flux density of water through the porous material), k 0 is the (low-frequency) permeability (m of poroelasticity by p = B P, where B is the Skempton coefficient (unitless, 0 ≤ B ≤ 1) given by:
where K is the bulk modulus of the porous material (Pa) (drained bulk modulus of the skeleton with no fluid in the pores), K u undrained bulk modulus (Pa) and K s is the bulk modulus of the solid material (Pa) (we have K s ≥ K u ≥ K). Hence, eq. (4) can be express as:
Generalized Ohm's law
The total electric current density
) is the sum of the conduction current density, J c = σ E (σ the electrical conductivity and E = −∇ψ is the quasi-static electrical field, and ψ is the electric potential) and a source current density, J s , given by:
whereQ V denotes the effective excess volumetric charge density (C m −3 ) dragged by the pore fluid flow relative to the grains. Indeed, the pressure-induced pore fluid flow drags the excess counterions in the diffuse layer and generates an electrical source current density due to the charge imbalance between the pore fluid counterions and grain surface ions according to Jardani et al. (2010) . In addition, knowing the permeability of the medium, the volumetric charge density parameter is obtained by using log 10 (Q V ) = −9.23 − 0.82log 10 (k 0 ) . Using the previous constitutive equations with the conservation of charge yields the following 
The source term in eq. (8) connects the electrical problem to the seismic problem. Furthermore, eq. (8) shows how the heterogeneities in permeability and Skempton coefficient generate radiative electrical fields that can be instantaneously measured by electrodes in the medium (Sava & Revil 2012 ).
A P P L I C AT I O N T O A S I M P L E F I C T I T I O U S L A B O R AT O RY E X P E R I M E N T
2-D model
Our numerical experiment is inspired from the laboratory tank experiments presented by Zhu et al. (2008) and Schakel et al. (2011) .
In both experiments, the authors were able to detect a seismoelectric signal while having the seismic source, electrode and sample interface belonging to the same plane. There were no seismoelectric effects detected in absence of the porous material and in presence of a porous sample, the electrical signals was shown to be due to the interface response (seismoelectric conversion). Our model includes multiple seismic sources located on a circular array surrounding a cylindrical core sample.
The 2-D model for the numerical analysis consists of 80 cm × 80 cm solid square tank with 70 cm diameter circular opening at the centre of it. The tank is assumed to be made of plastic and a 7.5-cm-diameter porous core sample is centred on position (x c , y c ) = (47.5 cm, 47.5 cm) (Fig. 1) . Electrode E1 is located at position (x 1 , y 1 ) = (35 cm, 45 cm) while the reference electrode (E2) is located at infinity (Fig. 1 ). In addition, there are 150 source-receiver hydrophones located on a 50-cm-diameter circle centred on (x h , y h ) = (40 cm, 40 cm). During forward propagation of the seismic field, a virtual point source, located at position (x i , y i ), generates an acoustic wave. This seismic wave propagates in the medium and is recorded Fig. 7 where the red dot is source point (47.5 cm, 44.5 cm) and light blue triangle is electrode E1 (35 cm, 45 cm). Reference electrode (E2) is located at infinity. We do not plot the scale of the electrical potential because they depend on the intensity of the seismic source, which is arbitrary. The only thing that matters is that the relative change in strength of the electrical potential between any two snapshots.
by the circular array of the hydrophones. During time-reversal, the recorded signals by each receiver are reversed in time and injected in order to focus the P-wave energy at the point source (x i , y i ).
The constitutive equations that govern the theory of seismoelectric beamforming presented in Section 2 are solved in the numerical simulation using the finite difference approach in the time domain. At any selected position (x i , y i ), the seismoelectric virtual electrode can be constructed by solving, (1) the acoustic wave equation (eq. 2), (2) electric source created due to the current density induced by seismic wave and finally and (3) solving for the quasi-static electric potential (eq. 8).
The 2-D model is composed of a fully water saturated sandstone core, a plastic circular boundary filled with water. The porous plug material properties represent a synthetic sandstone reservoir (Sava & Revil 2012) . The P-wave velocity can be approximated using eq. (9) by neglecting the viscous effects between the pore fluid and solid phase,
Eqs (2) and (9) can be eventually modified to include the effect of the shear modulus. The dynamic viscosity of water is 10 −3 Pa s at 25
• C. The mechanical, electrical and hydraulic properties of the porous material are provided in Table 1 . The numerical modelling is simulated with a constant mesh element-size of x = 10 −3 m, y = 10 −3 m and t = 10 −7 s (Table 2 ). All results presented in this paper can be reproduced using the Madagascar open-source software (Fomel et al. 2013) . 
Beamforming methodology
The seismoelectric beamforming numerical modelling approach is summarized by the flow chart shown in Fig. 2 . The methodology presented in this section illustrates the five steps to obtain the electric potential at the focus point. We have selected the virtual source point located at position (47.5 cm, 44 cm) to illustrate the figures; however, the same process can be applied to any point of the domain.
Step 1: Generate a model: The initial step is to construct the mechanical, hydraulic, and electrical distributions for all the relevant material properties defined in Table 1 .
Step 2: P-wave forward propagation: Then, the selected seismic source is injected at the scanning point with a Ricker wavelet (e.g. 75 kHz dominant frequency time-shifted with 0.08 ms) pulse for s (t) over 0.4 ms duration (Fig. 3a) . Then we solve the wave equation to compute the seismic wavefield through the material. The simulated seismic signals are recorded by the circular receiver hydrophones set. Fig. 4 displays four time snapshots displaying the wave propagation from virtual point source to receivers starting at 0.02 ms until 0.32 ms with 0.1 ms time increments between any two consecutive snapshots. Moreover, extracting the recorded seismic wavefield at the hydrophone located at position (15 cm, 40 cm) shows that the first arrival to this location occurred at 0.22 ms with multiple lower amplitude signals due to reflections between the core and water interface, as well as reflections caused by water-plastic boundary (Fig. 3b) .
Step 3: P-wave re-injection using time reversal: The recorded seismograms at every receiver is reversed in time and re-injected in order to focus all the seismic energy at the original source scanning point. The re-injected signal is not a clear signal similar to the input pulse due to the model's heterogeneities that generate reflections generated by the velocity and density contrasts existing at both the core-water and plastic-water interfaces that are observed at every receiver (Fig. 3c) . Hence, at the focus time, the highest seismic wave intensity is located at the scanning point with some scattered reflected seismic waves at various locations in the medium. Fig. 4 shows four time snapshots for seismic wavefields of the time reversed re-injected seismic signal starting at time 0.08 ms until 0.38 ms with 0.1 ms time increments between any two consecutive snapshots. Moreover, if a hydrophone would be placed at the virtual point source point (47.5 cm, 44.5 cm), the recorded seismogram would show a Ricker wavelet at the focus time t = 0.38 ms similar to input waveform as shown in Fig. 3(d) . An alternative method for focusing at a certain point can be obtained by considering a linear superposition of appropriately time delayed seismic sources. However, this approach requires additional calculations in order to determine the exact time-delays for every single source at every scanning point.
Step 4: Electrical current source: As mentioned previously, during back-propagation of the recorded seismograms, the seismic wavefield propagates across the whole medium. During this propagation, seismoelectric conversions occur at locations characterized by discontinuities of electrical, mechanical and hydraulic properties such as the interface between the water and the porous core sample. The generated source current density is calculated at every time increment (t), using the right side of eq. (8), for the whole medium based on the pressure fluctuations resulting from the backpropagated signal using the finite difference method. Since the electrical field depends only on the position of the wavefield at a given time, it is not history-dependent and so the calculations of the current density can be done at any time independently of prior times. The output current density maps are globally normalized for all time increments by scaling them with the highest value in order to preserve the relative relationships between the potential at various times and locations while eliminating the effects of the arbitrary input source strength.
Step 5: Computation of the electrical potential at the focusing time: The electric potential is then calculated in order to determine the recorded voltage at any time (t) at the electrode with the reference voltage electrode located at infinity. Fig. 6 shows the corresponding electric potentials for the four wavefield snapshots in Fig. 5 . As the seismic waves propagate through the core, seismoelectric conversion occurs; however, the interface response electric potential recorded by the electrodes at the focus point (Fig. 6d) has the highest amplitude if (and only if) it coincides with a heterogeneity. Therefore, extracting the recorded voltage at the electrode over the simulated time, Fig. 7a , shows that the greatest amplitude corresponds to the focus time (t = 0.38 ms). This is not always true however, for instance in the case where the focus point is located in a homogeneous material and the waves has passed through an interface earlier. The electric potential as a function of time is recorded for another scanning point at position (40 cm, 44.5 cm) located in water. As expected, the electric potential at this focus point is much smaller than in the previous case (Fig. 7b) . In addition, the electrode records smaller voltages at times prior to the focus time compared to electric potential at focus time in Fig. 7a . These voltages are due to seismoelectric conversions as the seismic waves propagate through the medium and reach the porous core. In our case, we know the velocity model and therefore the focus time. If the velocity model would not be known, we would look for a maximum in the electrical potential for an estimated focus time related in turn to a prior velocity model.
Finally, in order to generate a seismoelectric image composed of electric potentials over a grid of scanning points, simulations should be done by repeating Steps 2 through 5 for each virtual source location and the electric potential at the focus time should be extracted for each scanning point. 
Results and interpretation
The resolution of the seismoelectric beamforming maps or images is dependent on the density of the scanning points. However there is clearly an optimal choice depending on the frequency of the seismic wave itself. Before tackling this question in detail, we look at a scanning strategy using an iterative method to scan the medium, first with a coarse density of points, then refining the solution where anomalies are observed to increase the resolution at these points. For the following analysis, the source point spacing is proportional to the dominant wavelength in water (λ dom ).
In the first iteration, a coarse grid of 6 cm spacing (3 × λ dom , Fig. 8a ) is chosen to scan quickly the majority of the model (60 cm × 60 cm) followed by a 4 cm spacing grid (2 × λ dom , Fig. 8b ). Based on the normalized electric potential maps from the first two iterations (Figs 9a and b) , a high amplitude anomaly is identified surrounding the position at 46 cm in x and y, which most likely is related to the presence of the porous core sample. In addition, the low electric potential values scattered in both maps is related to possible seismoelectric conversion between the water and sample boundary. Consequently, a smaller scanning region is identified (20 cm × 20 cm) around this potential target and scanned with a 2 cm resolution grid (corresponding to the wavelength λ dom ) of the seismic wave) and then a 1 cm resolution grid (λ dom /2).
The third level of scanning utilized the 2 cm scanning resolution grid (Fig. 8c) and returned a low-resolution fuzzy image of the anomaly with respect to the background (Fig. 9c) . However, decreasing the density of scanning point to a 1 cm resolution grid (Fig. 8d) produces an image of what appears to be a circular object (Fig. 9d) . At this step, a preliminary conclusion on the shape of the core can be made, but the exact location and diameter of the object is still vague. Likewise, a smaller scanning area (12 cm × 12 cm) can be safely selected to enclose the anomaly and disregard areas of homogeneity (characterized by low electric potentials) to decrease the total computational time with finer grids of 0.5 cm grid spacing (λ dom /4) and 0.25 cm grid spacing (λ dom /8). Accordingly, the 0.5 cm scanning point grid (Fig. 8e) produced a high-resolution image of the porous core sample (Fig. 9e ) and the diameter of the core, where the transition from negative to positive electric potential amplitude indicates the boundary, is approximately calculated to be 7.5 cm from the centre located at position (47.5 cm, 47.5 cm). Similarly, the latter observations are checked from the image resulting from the use of the finest scanning grid (0.25 cm resolution, Fig.  8f ). Note also that since the core is modelled as a homogeneous material, the area inside the core sample exhibit vanishingly small electric potentials (Fig. 9f) . . Seismic wavefields at focus time during P-wave reinjection with constant velocity model. Virtual point sources (red point) located in water zone (a and b) had wavefields focus at source location while the sources located inside the core (c and d) had seismic energy centre at a different position. The dashed green circle indicates the true core's circumference while the red arrows point out the seismic waves propagating through the core at focus time for source points located in the water zone.
In conclusion, the seismoelectric beamforming technique can be applied to image heterogeneities and produce high-resolution electric potential maps. Our experiment suggests that we need to have at least four to eight scanning points per wavelength in order to achieve a high definition seismoelectric image. On the other hand, if the distance between the scanning points is greater than the width or length of the object, this may result in skipping the anomaly by having the virtual source locations at homogeneous points that might lead to undetectable seismoelectric anomalies.
V E L O C I T Y A N D WAV E L E N G T H S E N S I T I V I T Y A N A LY S I S
Velocity analysis
The seismoelectric voltage image produced with 4 scanning points per wavelength (0.5 cm source spacing) provided sufficient information to image the boundary of the porous core and to determine its shape, size and location (Fig. 9e) . Therefore, for the simulations presented in this section, we considered the same 2-D model (Fig. 1) , material properties (Table 1) , and input source signal (Fig. 3a) during the forward propagation, but in the re-injection phase an incorrect velocity model is now applied. Our goal is to record true signals during forward modelling (using time reversal with an incorrect velocity model) but inaccurately process it through the velocity model during the re-injection step. This process would be similar to a typical field experiment in which the velocity model is not known precisely.
The scanning area for these simulations is 25 cm × 25 cm with x and y ranging between 35 and 60 cm, and we use 0.5 cm between two consecutive virtual point sources in the x and y directions. The plotted wavefields over the model, at focus times, are extracted for 2 points located in the water layer (38 cm, 47.5 cm) and (55 cm, 55 cm) and 2 points within the core (45 cm, 49 cm) and (47.5 cm, 44.5 cm). 
Constant velocity model
In classic geophysical analysis, such as seismic data processing, when there is any missing information, the initial approximation in the first iteration would be an average constant value for the velocity based on the mean travel time between sources and receivers when the seismic wavefield crosses the medium. Accordingly, since the majority of the 2-D model is water, we selected a constant water velocity value of 1480 m s −1 to re-inject the P-wave waveform into the medium (Fig. 10b) .
During the re-injection step, the virtual source points located in pure water zone have the seismic wavefields focus at the source location (Figs 11a and b) due to the fact that the true model and approximated model for the water layer are equivalent. However, when the source point coincided with the core, at the focus time the seismic wavefields concentration are shifted by few centimetres due to the velocity difference between core (3100 m s −1 ) and velocity model (1480 m s −1 ), refer to Figs 11(c) and (d). In addition, there are scattered P waves over the entire medium at the focus time due to the velocity difference of the models.
The recorded electric potential at the focus time, depending on virtual point source location in space and new velocity model, is extracted for the 2704 virtual point sources and plotted in Fig. 12(b) . Comparing the result with the true exact model (Fig. 12a) , the core's centre is at the correct location (47.5 cm, 47.5 cm) with a circular shape and correct diameter. However, the electric response within the core is distorted due to the incorrect seismic waves focusing position. Moreover, multiple rings characterized by decreasing amplitude with increasing diameter are identified. This phenomenon is related to the presence of propagating seismic waves through the core at the focus time (see Figs 11a and b) that generated relatively low interface response electric field that is recorded by the electrode.
Incorrect velocity model with a larger core model
The second velocity model is extracted based on the electric potential map from Section 4.1.1. In this model, the core is centred on position (47.5 cm, 47.5 cm) but with a 16 cm diameter that coincides with the first ring, as shown in Fig. 10 previous simulation, at focus time the seismic energy focus location coincides with the virtual point source positioned in water. On the other hand, the seismic wave constructively superimposed a couple centimetres away from true position for point sources located in the core sample. Furthermore, there are scattered acoustic waves in the entire medium at focus time due to the velocity mismatch between true and estimated models. Consequently, the generated electric potential map (Fig. 12c) produced an improved image compared to the previous case where the multiple rings present around the core in case 1 (Fig. 12b) decreased to only one visible ring with 12 cm diameter. The core's centre is at the right location and the diameter is slightly smaller than true model. Therefore, additional iterations with smaller core diameter are required to refine the output image and generate an electric potential map closer to true model.
Incorrect velocity model by adding additional heterogeneities in the medium
In the final simulation, three bodies (with a P-wave velocity of 2000 m s −1 ) are added to the true velocity model (Fig. 10d) . At the focus time, the injected seismic waves constructively superimposed at the true virtual source position (see Fig. 13 ). The three bodies refracted and reflected the seismic waves throughout the whole medium resulting in smaller seismoelectric interface response whenever the P wave passed through the cylindrical core sample at the focus time. The electric potential map generated for this simulation shows a slightly skewed 7.5 cm diameter circular object corresponding to the core at the true location (Fig. 12d) . Comparing the results with the exact model, the core's surrounding voltage map is characterized by relatively higher noise compared to the original true velocity results. 
Wavelength analysis
The selection of the source's dominant frequency/wavelength plays a vital role in imaging porous material and is directly related to the dimensions of the object. Hence, we analyse the effect of source wavelength on the output voltage map. In this section, the 2-D model and material properties presented in Section 3 are simulated with four dominant Ricker wavelet frequencies (75, 37.5, 18.75 and 9.375 kHz) , respectively. In addition, the scanning area is 25 cm × 25 cm starting at 35 cm to 60 cm with respect to origin. We use also a spacing of 0.5 cm between two consecutive virtual source points.
As the source's dominant frequency decreases, the corresponding wavelength increases and the extent of the seismic waves at the focus time becomes larger as demonstrated in Fig. 14 for point (43 cm, 43 cm) located in the water layer. The associated electric potential maps for each simulation are shown in Fig. 15 . For the first case (75 kHz dominant frequency, 2-cm wavelength) the core object is imaged with high definition showing the correct location with a clear water/solid interface at 7.5 cm diameter. In the second case (37.5 kHz dominant frequency, 4-cm wavelength), the seismic waves coverage at focus time is slightly larger than case 1 (see Fig.  14b ) that generates additional low amplitude interface response for water located point sources that is not present in the first case. These caused the thickness of the negative amplitude surrounding the core and positive amplitudes within the core to 'double' and generate a lower resolution image at the correct location but with a smaller diameter (approximately 6.5 cm compared to the true diameter of 7.5 cm), refer to Fig. 15(b) . In the third simulation (18.75 kHz dominant frequency, 8-cm wavelength), the electric potential map predicted correctly the core's location and potential circular shape; however, the positive-negative boundary interface is not present any more, see Fig. 15(c) . In the final simulation (9.375 kHz dominant frequency, 16-cm wavelength), the electric potential provided limited information on the shape and size of the porous material. The resolution is too low as shown in Fig. 15(d) . Moreover, in order to examine the frequency effects on the output electric potential, we consider a modified 2-D model by removing the plastic boundary, placing a 10 cm diameter core on (40 cm, 45 cm) and electrode E1 on (40 cm, 20 cm) while reference electrode (E2) is located at infinity. The seismoelectric conversion takes place between the water-solid interface where a virtual point source is placed at position (40 cm, 40 cm) (Fig. 16a) . For all simulations, the input signal is a Ricker wavelet with dominant frequency ranging between 35 and 150 kHz, a constant time-shift of 0.15 and 3 ms total simulation time. The electric potential recorded by the electrode at the focus time is extracted and plotted with respect to source dominant frequency as shown in Fig. 16(b) . As the frequency increases, the energy at the focus time is more concentrated around the virtual source point which results in a higher electric potential. This effect is apparent in the electric potential maps of Fig. 15 where the electric potential is mainly of negative amplitude for low frequencies (Figs 15c and d ) that gradually becomes positive as the frequency increase (Figs 15a and b) .
In addition, for high frequencies when the virtual source point is located in the water near the solid-water interface the corresponding electric potential had negative amplitude and when the source point is located inside the core near the interface the electric potential at focus time is positive. However, with decreasing input source frequency there is a change of sign from positive to negative for the scanning points located inside the core and the output seismoelectric image is predominantly of negative amplitude (Figs 15c and d) . In order to investigate the cause for the change in polarity, the displacement field (U ) and strain (ε kk ) at focus time is calculated using eqs (10) and (11) at a frequency equal to 75 and 9.375 kHz. The displacement of the solid and the bulk deformation of the skeleton can be determined by
whereε denotes the strain tensor (dimensionless components) and ω the pulsation frequency. Figs 17 and 18 display the displacement field and strain real and imaginary components for both frequencies, respectively. At high frequency the displacement is concentrated around the focus point; however, at low frequency the displacement field magnitude is higher and extended more in the water zone. This causes more fluid flow between the core-water interface, generating in turn a negative amplitude electric potential similar to the focus points located near the boundary in the water zone at high frequency (75 kHz). Similarly, the strain field shows that the entire core at low frequency is affected by the acoustic wave while at high frequency only the area near the focus point is influenced.
C O N C L U S I O N S
We investigated the resolution of the seismoelectric beamforming imaging technique within the poroacoustic approximation. This approximation is used to decrease the overall simulation time compared to a poroelastic model. However, the seismoelectric beamforming technique can be simulated using P waves, S waves or both in a porous medium and is not limited to only acoustic waves. Using exact material properties and velocity models during forward propagation of a 75 kHz dominant frequency Ricker wavelet and associated re-injection step produced a high definition and high resolution voltage map where we can recognize the location, size and shape of a cylindrical core sample in a bucket. The resolution of the seismoelectric images is highly dependent on the spacing of virtual point sources. Four scanning points per wavelength is an optimal source spacing to obtain a high definition electric potential image. Furthermore, we analysed the sensitivity of the seismoelectric method with an incorrect velocity model. Depending on the velocity variations between the true model and estimated one, the seismic wave focus centre is shifted with scattered P waves across the entire medium. However, all the produced voltage maps predicted the shape of the core but the diameter is incorrect estimated in only one case (incorrect velocity model with larger core model). In addition, the electric potentials in the water zone increased (e.g. the rings) compared to the exact results due to scattered P waves at focus time from incorrect velocity model and the various reflections in the medium. Therefore, the knowledge of the velocity model is important in defining the quality of the output voltage map. The more complex and deviated the velocity model from reality is, the less likely the corresponding voltage map is trustworthy. That said, even with a wrong velocity model, the seismoelectric map might produce sufficient details to update the initial velocity model and reiterate the analysis. It is therefore expected that the seismoelectric voltage map can be used in image guided inversion to improve The resolution and quality of the seismoelectric voltage map is directly related to the input source frequency with respect to the dimension of the target. As the frequency increases, the electric potential map resolution increases using at least four to eight source points per wavelength. Accordingly, to image an object, it is better to use a high-frequency source in order to obtain a detailed seismoelectric voltage map. Of course, we must always evaluate the trade-off between the quality of the image with respect to the decreasing of the magnitude of the produced voltages at high frequencies and with respect to the background noise and the attenuation of the seismic signals since Earth materials are low-pass filters. Finally, we also discussed changes in the polarity of the interface response when changing the frequency of the seismic source. Figure 18 . Distribution of the strain at focus time for 75 and 9.375 kHz. Panels (a) and (b) represent the real and imaginary strain at 75 kHz, respectively. Panels (c) and (d) represent the real and imaginary strain at 9.375 kHz, respectively.
